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Abstract 23 
Declines in migratory species are a pressing concern worldwide, but the mechanisms 24 
underpinning these declines are not fully understood. We hypothesised that species with 25 
greater within-population variability in migratory movements and destinations, here termed 26 
‘migratory diversity’, might be more resilient to environmental change.  To test this, we 27 
related map-based metrics of migratory diversity to recent population trends for 340 28 
European breeding birds. Species that occupy larger non-breeding ranges relative to breeding, 29 
a characteristic we term ‘migratory dispersion’, were less likely to be declining than those 30 
with more restricted non-breeding ranges. Species with partial migration strategies (i.e. 31 
overlapping breeding and non-breeding ranges) were also less likely to be declining than full 32 
migrants or full residents, an effect that was independent of migration distance. Recent rates 33 
of advancement in Europe-wide spring arrival date were greater for partial migrants than full 34 
migrants, suggesting that migratory diversity may also help facilitate species responses to 35 
climate change.  36 
 37 
  38 
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Introduction 39 
A wide range of migratory birds, mammals, fish and invertebrates have shown population 40 
declines in recent decades (Wilcove & Wikelski 2008), with causes linked to climate change 41 
(Both et al. 2006; Møller et al. 2008) and habitat loss (Robbins et al. 1989; Sanderson et al. 42 
2006; Berger et al. 2008) among other factors. Migrants can experience ‘multiple jeopardy’ 43 
owing to their reliance on different sites across the annual cycle, potentially increasing their 44 
risk of exposure to spatially-heterogeneous threats (Wilcove & Wikelski 2008; Vickery et al. 45 
2014). Importantly, declines have not been uniform across migratory species (Sanderson et 46 
al. 2006; Thaxter et al. 2010; Vickery et al. 2014), implying that some traits associated with 47 
migration might confer particular sensitivity to environmental change. Identifying these traits 48 
could help us determine which species are at greatest risk of continuing decline. 49 
Some lines of evidence suggest that the magnitude of migratory movements made by 50 
species can influence their vulnerability to environmental change (Wilcove & Wikelski 51 
2008). Among birds, for example, long-distance migrants have shown steeper declines than 52 
residents and short-distance migrants (Sanderson et al. 2006; Morrison et al. 2013). However, 53 
such simple classifications of migration distance obscure a complex spectrum of within-54 
species variation in migratory movements. Often, for example, populations comprise a 55 
mixture of individuals that migrate longer and shorter distances, or vary significantly in 56 
migration direction (Chapman et al. 2011a; Vardanis et al. 2011). This diversity of migratory 57 
movement determines the spatial distribution of the population during the non-breeding 58 
season, which in turn has important implications for population dynamics (Sutherland & 59 
Dolman 1994, Runge et al. 2014).  60 
By expressing a diverse range of migratory movements, some populations are able to 61 
spread widely across many sites during the non-breeding period (Fig. 1A). In others, 62 
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migratory movements cause populations to converge within smaller non-breeding areas (Fig. 63 
1B). We hypothesize that this characteristic, which we term ‘migratory dispersion’, could 64 
play an important role in determining the resilience of populations to environmental change. 65 
In a simple network model of a migratory population (Appendix S1), networks with low 66 
migratory dispersion show greater declines following non-breeding habitat loss than those 67 
with high dispersion (Fig 2A-D). Indeed, these models predict that migratory dispersion can 68 
have a greater influence on population resilience than the allied phenomenon of ‘migratory 69 
connectivity’ (Fig. S1), which relates to the intermixing of individuals from different 70 
breeding sites within non-breeding sites (Webster et al. 2002). Despite considerable interest 71 
in the implications of migratory connectivity (e.g. Taylor & Norris 2010; Betini et al. 2015), 72 
the importance of migratory dispersion has received little attention. 73 
In some species, the expression of migratory behaviour itself varies between 74 
individuals, such that populations contain both residents and migrants (Lundberg 1988).  75 
Such ‘partial migration’ has been observed widely across both marine and terrestrial biomes, 76 
and in a wide range of taxonomic groups (including invertebrates, fish, birds and mammals; 77 
Chapman et al. 2011b). However, it is unclear whether this component of migratory diversity 78 
also influences of the resilience of populations to environmental change (Chapman et al. 79 
2011b).  Network models again suggest that partially migratory populations may be more 80 
resilient to changes such as habitat loss than fully migratory populations, if those changes 81 
occur in non-breeding sites (Fig. 2C).    82 
Here, we examine the link between migratory diversity and population resilience 83 
using data on recent trends for 340 European breeding bird species. Despite rapid 84 
improvements in individual tracking technology, we still lack the capacity to quantify 85 
between-individual variation in migratory movements for the majority of these species. We 86 
can, however, draw inferences about their migratory diversity using map-based metrics of 87 
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seasonal change in species distributions. We use these to test whether migratory dispersion 88 
(measured as the relative difference in size between breeding and non-breeding ranges) and 89 
partial migration strategies (measured as partial overlap between breeding and non-breeding 90 
ranges) influence the probability that species have declined over recent decades, controlling 91 
for other species traits and climatic niche characteristics.  92 
We also hypothesize that migratory diversity might be linked to changes in mean 93 
spring arrival date of migratory species. Previous work has shown that advances in mean 94 
spring arrival date are closely correlated with recent population trends in some European 95 
migratory birds, with declines being more severe among species that have failed to advance 96 
their mean arrival dates (Møller et al. 2008). A link between arrival advancement and 97 
migratory diversity could arise if species with diverse migratory strategies also show greater 98 
variation in the timing of movement (López-López et al. 2014). To examine this, we assess 99 
the correlation between migratory diversity metrics with interspecific variation in the 100 
advancement of mean spring arrival, and assess whether arrival advancement and migratory 101 
diversity play complementary roles in explaining species population trends. These analyses 102 
help us pinpoint species traits associated with resilience to anthropogenic change, with 103 
potential utility in assessments of species vulnerability.  104 
Methods 105 
Population trend and distribution data 106 
We used data compiled from country-specific monitoring programs for two periods: a 1990–107 
2000 census compiled in Birds in Europe (BirdLife International 2004) and a 2001-2012 108 
census compiled in the European Red List of Birds (BirdLife International 2015). For each 109 
census period, we used the trend estimates to class each species as either declining, stable, 110 
increasing or fluctuating in population size across Europe.  111 
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To quantify the breeding and non-breeding ranges of each species, we used current 112 
distribution maps (BirdLife International and NatureServe 2014) constrained to Eurasia west 113 
of 52°E for breeding and Africa and Eurasia west of 52°E for non-breeding (excluding areas 114 
occupied only during passage). In subsequent analyses, we excluded any species whose 115 
European breeding populations migrate primarily to areas outside the study area (e.g. in 116 
Asia), as well as those with non-breeding populations in Europe or Africa that originate from 117 
outside the study area (Table S1). We also excluded fully-pelagic species, and species that 118 
breed extensively within sub-Saharan Africa, leaving 340 species for analysis (Table S1). 119 
Metrics of migratory diversity 120 
We used two metrics to describe migratory diversity (Fig. 1). To measure migratory 121 
dispersion (i.e. the extent to which species inhabit larger or smaller areas in the non-breeding 122 
season, relative to breeding range size), we calculated the following index:  123 
 =
log	−  ()
log	()
 
where Anonbreeding and Abreeding are the sizes of the two seasonal ranges, log-transformed 124 
to attain normality. The denominator controls for the expected positive relationship between 125 
breeding range size and diversity in migratory movements.  To quantify partial migration, we 126 
classified each species according to migratory strategy (‘full resident’, ‘partial migrant’ or 127 
‘full migrant’) using season-specific range maps. Although partial migration has been defined 128 
in many ways (see Chapman et al. 2011b), it usually refers the co-occurrence of migratory 129 
and non-migratory phenotypes within a population. Given the paucity of information on 130 
individual-level phenotypic variation across species, we classified migratory strategy simply 131 
according to the presence of overlap between breeding and non-breeding ranges: full 132 
migrants have zero overlap, residents have complete overlap, and partial migrants have 133 
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overlap greater than zero and less than one. As such, both our partial migrant and resident 134 
classes could include some species with ‘stepping stone’ or ‘chain’ migration patterns that 135 
might result in seasonal range overlap despite a lack of fully resident phenotypes (Nilsson et 136 
al. 2008). Of the 340 species considered, we classified 49.7 % as partial migrants, 33.8% as 137 
full migrants and 16.5% as full residents.  138 
Other predictors of population trends 139 
We also hypothesized that species occupying a broader range of climatic conditions may be 140 
more resilient to environmental variability, and hence anthropogenic impacts. We modelled 141 
the breadth of species’ climatic niches during breeding and non-breeding periods, and 142 
measuring between-season niche conservatism, using methods adapted from Broennimann et 143 
al. (2012). First, we converted speci s range polygons into point grids using a 0.25° 144 
resolution. We then selected eight biologically-meaningful climate variables from the bioclim 145 
database (see Table S2; Hijmans et al. 2005) to develop multivariate PCA axes characterising 146 
climate variation across each species’ seasonal range (breeding=April-July, non-147 
breeding=Nov-Feb) during the whole survey period (1990-2012). Axes were constrained 148 
within the seasonal maxima and minima of each variable, and calibrated on the full 149 
environmental space (Broennimann et al. 2012). We calculated an index of climate niche 150 
breadth by summing niche occupancy scores (z values) on the first two PCA axes across both 151 
seasons. We then used a PCA-env algorithm to evaluate the degree of overlap in occupied 152 
niches along the PCA axes between species’ breeding and non-breeding ranges, providing an 153 
index of climate niche similarity (conservatism) between seasons (Broennimann et al. 2012). 154 
To account for other variables that might influence population trends, we also 155 
quantified habitat specialism and feeding guild for each species, as well as breeding and non-156 
breeding range size and mean latitude (constrained to the study area), and body mass. For 157 
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habitat specialism, we used ‘level 1’ habitat classes in the IUCN Habitats Classification 158 
Scheme (BirdLife International 2014). For simplicity, we used only classes listed as 159 
important in the breeding season, and pooled habitat subcategories into a 6-level factor: 160 
“forest”, “shrubland”, “farmland”, “rocky/tundra”, “wetland” and “general”, the latter 161 
including species with multiple level 1 associations. We classified feeding guilds from 162 
species accounts in Handbook of the Birds of the World Alive (www.hbw.com) using a 5-163 
level factor (“omnivore”, “carnivore”, “insectivore”, “granivore”, “herbivore”). Body mass is 164 
included as it is a reliable proxy for a range of correlated life history characteristics 165 
(Blummerstein & Møller 2008; Gregory et al. 2009). We calculated mean migration distance 166 
for each species as the great circle distance between the centroids of breeding and non-167 
breeding ranges. All mapping and analyses were carried out in R using packages ‘sp’, ‘raster’ 168 
and ‘FNN’ (R Development Core Team 2008). 169 
   170 
Statistical analysis 171 
We modelled between-species differences in population trends using Generalized Linear 172 
Mixed Models (GLMMs) with a family-level random effect to control for potential 173 
phylogenetic non-independence of trends. To examine how our predictor variables influence 174 
the probability of species decline across the whole survey period (1990-2012), we used a 175 
binomial response variable where ‘successes’ were the number of census periods in which a 176 
species was in decline, and ‘failures’ the number in which it was stable or increasing 177 
(excluding from consideration any periods where trends were unknown or fluctuating). We 178 
also repeated the analysis for each census period individually, again using a binomial 179 
response (1 = declining, 0 = stable or increasing), excluding species for which trends were 180 
unknown or fluctuating. 181 
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We centred and standardized all predictor variables to ensure commonality of scales 182 
(Schielzeth 2010). For variable pairs that were correlated after standardization (Pearson 183 
R>0.5 or < -0.5), we included whichever was deemed likely to have a more biologically 184 
meaningful link to the response variable (see Table S3; Burnham & Anderson 2002). 185 
Substituting these excluded variables had little influence on the results (Table S4). Because 186 
migratory strategy and migration distance are partially confounded (all residents have 187 
distance 0), we used a binary dummy variable to differentiate partial migrants from other 188 
species (i.e. 1=partial migrant, 0= fully migrant or resident). This allowed us to evaluate 189 
whether partial migration explains variation in population trends above that explained by 190 
migration distance alone.  191 
We used an information-theoretic approach to account for model selection uncertainty 192 
and evaluate predictor effect sizes (Burnham and Anderson 2002). We compared all possible 193 
model combinations, ranking each model by its Akaike weight (AICw) and using summed 194 
weights (ΣAICw) as an index of relative importance for each term (Burnhan & Anderson 195 
2002). To estimate the effect size of each parameter, we used model averaging across a 196 
confidence set containing all top-ranked models summing to 0.95 AICw. We used the ‘zeroes’ 197 
method for effect averaging (Grueber et al. 2011) which provides robust between-predictor 198 
comparisons. We inferred strong support for an effect whenever 95% confidence intervals for 199 
model-averaged effects excluded zero (Grueber et al. 2011). To assess overall model 200 
explanatory power, we calculated conditional and marginal R2 values for the global model 201 
using methods described in Nakagawa & Schielzeth (2013). 202 
For a subset of migratory species, we tested for relationships between the two 203 
migratory diversity metrics and advances in spring migration timing using univariate linear 204 
regressions. We obtained data on trends in mean Europe-wide spring arrival date from a 205 
published dataset for 89 European bird species (Møller et al. 2008, trends 1960-2006). We 206 
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also repeated the full multi-model comparison for predictors of population trends within this 207 
89 species subset, including the mean trend in arrival date as an additional predictor variable. 208 
This allowed us to compare the relative contributions of migratory diversity metrics and 209 
arrival date trend towards explaining variation in population trends.   210 
Results 211 
Effects of migratory diversity on bird declines 212 
Of the 340 species considered, 42% had positive migratory dispersion scores, 41% had 213 
negative scores and 16% were fully resident (i.e. dispersion = 0). Model selection identified 214 
migratory dispersion as an important predictor of decline probability (Tables 1 & S5), with 215 
higher dispersion being associated with lower probability of decline (Fig. 3). This effect was 216 
consistent across both early and late census periods (Tables 1, S6 & S7). Partial migration 217 
was also identified as an important predictor of decline probability (Table 1 & S5), with 218 
partial migrants being less likely to decline on average than both full migrants and full 219 
residents over the whole study period, and in particular over the early census period (Fig. 4, 220 
Table S6). Both partial migration and migratory dispersion were consistently selected ahead 221 
of migration distance as predictors of declines (Tables 1, S5-7), indicating that they explain 222 
considerable variation in decline probabilities over and above that explained by between-223 
species differences in migration distance. Although partial migrants tended to have shorter 224 
mean migration distances than full migrants (mean ~2,050 km ± 1,790 s.d. versus ~ 4,700 km 225 
± 2,010), the partial migrant group contained many long-distance migrants (Fig. 5), with 226 
almost half of sub-Saharan migrants (45.7%) being classified as partial migrants.  227 
For the subset of 86 species with available data on trends in mean spring arrival date, 228 
arrival trends were strongly associated with favourable population trends (Table 1), echoing 229 
previous findings (Møller et al. 2008). Partial migrants tended to show greater advancement 230 
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in mean spring arrival date than full migrants (F = 13.96, P<0.001; Fig. S2). The effect of 231 
partial migration on decline probability became negligible when spring arrival trends were 232 
included in the model (Table 1), suggesting that the link between partial migration and 233 
population declines might be mediated by interspecific variation in spring arrival trends. 234 
Migratory dispersion, by contrast, was not correlated with trends in spring arrival (Fig. S3), 235 
and remained a strongly supported predictor of decline likelihood in this subset analysis 236 
(Table 1), suggesting that the effect of dispersion acts independently of trends in spring 237 
arrival timing.  238 
Other predictors of population trends 239 
Habitat specialism was an important predictor of population trends in all analyses, 240 
with all specialist classes showing higher probabilities of decline than habitat generalists 241 
(Table 1), with farmland specialists being particularly prone to decline (Table 1). Across the 242 
whole study period, and in particular 1990-2000, there was strong support for an effect of 243 
body mass on decline probability, with lighter species having higher decline probabilities 244 
(Table 1).  Little support was found for effects of guild, breeding latitude, climate niche 245 
overlap or climate niche breadth in the full analyses (Table 1). Breeding latitude and niche 246 
breadth did, however, receive some support in the subset analysis including data on spring 247 
arrival trends, with decline probability tending to increase among species breeding at higher 248 
latitudes, and species with higher winter climate niche breadth (Table 1).  249 
The global model for the whole survey period explained 23.2% of variation in 250 
probability of decline between species, of which 22.7% was attributable to fixed effects 251 
(Table S8). Levels of variance explained were somewhat higher for models fitted to 1990-252 
2000 trend data alone (33.4%, Table S8) and somewhat lower for 2001-2012 trend data 253 
(18.8%, Table S8). 254 
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 255 
Discussion   256 
Our results demonstrate that migratory diversity is an important predictor of recent 257 
population declines in migratory species. Species whose migratory movements allow them to 258 
occupy larger areas in the non-breeding season, relative to their breeding ranges, were less 259 
likely to decline than those whose populations are channelled into more restricted non-260 
breeding ranges. Partially migratory populations were also less likely to decline than either 261 
full migrants or full residents. These patterns held true across both short and long-distance 262 
migrants, indicating that migratory distance per se does not necessarily confer heightened 263 
vulnerability to anthropogenic change. Rather, species with lower diversity in migratory 264 
movements and destinations may be more vulnerable than those with more diverse ranges 265 
and strategies. These interspecific differences help explain why some long-distance migrants 266 
have maintained favourable population trends while others have severely declined (Vickery 267 
et al. 2014).  268 
Various mechanisms could drive the relationship between migratory diversity and the 269 
probability of population decline. One possibility, as implied by migratory network models 270 
(Fig. 2), is that diversity confers increased population-scale resilience to area-specific threats 271 
in the non-breeding range (e.g. habitat degradation and hunting pressure). Our findings are in 272 
broad accordance with model predictions that species with higher migratory dispersion may 273 
increase population resilience (Fig. 2A-D), and that partially migratory species may be more 274 
resilient than full migrants (Fig. 2E & F) if negative impacts primarily occur in the non-275 
breeding range (Chapman et al. 2011b). Our results suggest that the dynamics of migratory 276 
populations are indeed sensitive to the number, size and distribution of occupied non-277 
breeding sites, relative to the breeding range. While previous works have considered the 278 
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consequences of spatial ‘bottlenecks’ arising as populations pass along migration corridors 279 
(e.g. Weber et al. 1999; Berger et al. 2008; Sawyer et al. 2009), little attention has been paid 280 
to the potential importance of equivalent ‘bottlenecking’ across non-breeding ranges. Our 281 
results suggest that this plays an important role in determining population vulnerability to 282 
environmental change.  283 
Our findings also support the hypothesis that migratory diversity influences the 284 
capacity of species to respond to climate-driven shifts in resource phenology, as partial 285 
migrants showed greater rates of advancement in mean spring arrival date than full migrants 286 
(Fig. S2). In turn, these advances in arrival date are strongly linked to positive population 287 
trends (Møller et al. 2008). The relationship between partial migration and arrival 288 
advancement could arise if partial migrants, as well as expressing between-individual 289 
variation in migratory behaviour itself, also express greater variability in the timing of 290 
migratory movements than full migrants. Such variation could facilitate shifts in migration 291 
timing at the population scale, if early-arriving individuals are more likely to encounter 292 
successful breeding conditions, and the resulting offspring also migrate earlier (Gill et al. 293 
2014). Moreover, resident individuals within partially migratory populations are predisposed 294 
to match the timing of breeding with shifting resource abundance peaks (Chapman et al. 295 
2011b). The same is true for fully-resident species, although interestingly our models suggest 296 
that full residents have higher decline probabilities on average than partial migrants (Fig. 4). 297 
This result implies that migration does not necessarily increase the vulnerability of species to 298 
environmental change relative to full residence, if a flexible range of migratory strategies is 299 
expressed. 300 
The mechanisms that underpin the expression of different migratory strategies across 301 
populations remain poorly understood. In birds, a large component of migratory behaviour is 302 
genetically determined (Biebach 1983; Pulido & Widmer 2005), implying that diversity 303 
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might be tightly linked to the presence of heterogeneity in migratory gene expression across a 304 
population (Biebach 1983; Kaitala 1993; Piersma 2011), which in turn may be influenced by 305 
environmental or social cues. Within-individual plasticity in migratory behaviour can be 306 
considerable, particularly in partial migrants where migratory behaviour may change within 307 
an individual’s lifetime (Nilsson et al. 2006; Olsson et al. 2006; Brodersen et al. 2008). It is 308 
notable that partial migration is an extremely widespread strategy in European birds 309 
(Chapman et al. 2011b), being found in 80% of the 55 avian families included in our study 310 
(compared with full migration, found in 42% of families). In most cases, the degree of 311 
population-scale migratory diversity expressed by a species is likely to depend on a complex 312 
interplay between genetic heterogeneity and individual responses to social cues and local 313 
environmental conditions. The relative strength of genetic versus social/environmental 314 
determination may have important consequences for population resilience to environmental 315 
change, as plasticity in response to external cues may facilitate more rapid population-scale 316 
change (Marra et al. 2005). 317 
Migratory diversity, whether arising through within-individual plasticity or between-318 
individual heterogeneity, might also increase the likelihood that new non-breeding areas are 319 
colonized via the establishment of new migratory routes. Such colonisations are likely to be 320 
important in determining the long-term persistence of migratory populations under changing 321 
climates (La Sorte & Thompson 2007). Moreover, the colonization of new non-breeding sites 322 
could drive dynamic changes in migratory dispersion over time, with consequent implications 323 
for population dynamics. Species with greater capacity to spread to new non-breeding sites 324 
may therefore be more resilient to a range of environmental stressors, including both climate 325 
change and habitat loss. Dynamic shifts in the non-breeding ranges of migratory species have 326 
been demonstrated in a variety of taxa (see Robinson et al. 2009 for a review), but the 327 
behavioural mechanisms by which these shifts occur remain poorly understood.  328 
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Caveats 329 
The effect of partial migration on decline probability was predominantly evident in 330 
the early census period, and partial migration was a weak predictor of declines in the late 331 
census period (Table 1). It is unclear why the positive effect of partial migration might have 332 
declined over time, but it appears to be associated with improving trends among full migrants 333 
in the second survey period, rather than an increase in the number of partial migrants 334 
declining. Over half of fully migratory species were in decline in 1990-2000 (50.4%), but this 335 
fell to 35.7% in 2000-2012, whereas the proportion of declining partial migrants remained 336 
fairly stable (33.1% in 1990-2000 versus 30.8% in 2000-2012). The factors driving this 337 
improvement in fortunes for fully migratory species are unclear, although this pattern could 338 
reflect the success of recent conservation interventions (Sanderson et al. 2015), given that 339 
migratory species are emphasized under Annex 1 of the EU Birds Directive (European Union 340 
2009).  341 
An important caveat associated with our results is that we use coarse species 342 
distribution maps that, although reflective of best current knowledge of range extents, do not 343 
capture fine-scale occupancy or abundance patterns within species’ breeding, passage and 344 
non-breeding ranges (Rondinini et al. 2006). Our analyses do not account for the precise 345 
routes and staging areas used by populations during passage, as these are incompletely 346 
mapped for most species (Runge et al. 2014). As noted above, migratory populations can be 347 
highly vulnerable to threats occurring within migratory corridors or stop-over sites, if a high 348 
proportion of individuals pass through the same key areas (Weber et al. 1999; Berger et al. 349 
2008). Such passage bottlenecks are perhaps most likely among species with low migratory 350 
dispersion, as well as those that migrate in large groups (e.g. waterbirds, many large 351 
mammals). Detailed mapping of the migration routes of declining migratory populations 352 
therefore remains an important conservation priority (Runge et al. 2014).  353 
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By taking a single trend value for each species, our analyses assume that trends within 354 
a given time window are constant across the whole European range. In fact, evidence 355 
suggests that population trends of migratory species can be highly heterogeneous in space 356 
(Villard & Maurer 1996; Morrison et al. 2013). Future analyses accounting for this 357 
heterogeneity, perhaps by using country-level rather than region-wide trend data, may offer 358 
more nuanced insights into relationships between migratory behaviour and population 359 
vulnerability. In particular, it may be possible to examine whether within-range population 360 
trend heterogeneity correlates with spatial heterogeneity in migratory behaviour (e.g. by 361 
comparing resident and migratory populations in partial migrant species). For the purposes of 362 
this study, we assume that mean Europe-wide trend estimates provide a robust, if coarse, 363 
index of interspecific variation in vulnerability to recent environmental change.  364 
Conclusions 365 
The power of map-based metrics of migratory diversity to explain population trends 366 
suggests that they could be useful in evaluating species vulnerability to future anthropogenic 367 
threats. Because our metrics use only coarse distributional data, they can be easily generated 368 
using current estimates of species’ seasonal distributions. Such metrics may be particularly 369 
useful in regions where estimates of population trends are lacking, such that more detailed 370 
assessments of species vulnerability are precluded. Migratory diversity metrics can provide 371 
conservation-relevant information for almost any species where reasonably accurate 372 
distributional data are available, even if those data are of low resolution. 373 
Understanding how migratory diversity contributes to species vulnerability might also 374 
help in the design and implementation of species-specific conservation management plans. 375 
Species with low migratory dispersion, for example, might be expected to benefit from a 376 
focus on conservation actions within the non-breeding distribution, such as the increased 377 
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protection or restoration of habitats in key areas (Runge et al. 2015). The potential efficacy of 378 
such actions for species with low migratory dispersion is exemplified by the positive 379 
population trends of a handful of species (e.g. the pink-footed goose Anser brachyrhynchus 380 
and barnacle goose Branta leucopsis) that have highly restricted non-breeding ranges, and yet 381 
have maintained favourable population trends thanks to pro-active conservation measures 382 
(MacMillan et al. 2004). It is important to note, however, that management should always be 383 
informed by detailed examinations of the likely demographic drivers of population declines, 384 
and where in the annual cycle these drivers are likely to operate. By incorporating migratory 385 
diversity into future network-based analyses of migratory populations, it may be possible to 386 
come to an improved understanding of these complex seasonal drivers.  387 
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Table 1 Performance of candidate variables in explaining the probability of population decline. Effect sizes reflect model-averaged 523 
parameter estimates !"  and bootstrap 95% confidence intervals. Results are shown for model selection applied to the full dataset (340 species) 524 
across the whole study period (1990-2012), plus each census period individually. We also re-ran the analysis for a subset of 89 species with data 525 
on trends in mean Europe-wide spring arrival date. Model averaged parameter estimates with confidence intervals that do not overlap zero are 526 
shown in bold. 527 
Dataset: Whole period 
1990-2012 
 Early period 
1990-2000 
 Late period 
2001-2012 
 Spring arrival 
dataset (n = 89) 
1990-2012 
 
Variable: #$ (LCI, UCI) ΣAICc #$ (LCI, UCI) ΣAICc #$ (LCI, UCI) ΣAICc #$ (LCI, UCI) ΣAICc 
Partial migration -0.53 (-0.96, -0.11) 0.98 -1.11 (-1.74, -0.47) 1.00 0.04 (-0.45, 0.46) 0.21 -0.01 (-1.27, 1.26) 0.22 
Migratory dispersion -0.27 (-0.49, -0.05) 0.95 -0.27 (-0.67, -0.04) 0.90 -0.20 (-0.45, -0.03) 0.83 -0.65 (-1.26, -0.05) 0.84 
Migration distance 0.22 (-0.04, 0.48) 0.61 0.22 (0.02, 0.76) 0.81 0.07 (-0.21, 0.34) 0.24 0.24 (-0.65, 0.58) 0.22 
Climate niche overlap 0.10 (-0.13, 0.33) 0.32 0.10 (-0.16, 0.51) 0.36 0.04 (-0.19, 0.26) 0.22 -0.03 (-0.66, 0.59) 0.20 
Climate niche breadth 0.21 (-0.01, 0.42) 0.72 0.21 (-0.02, 0.60) 0.68 0.14 (-0.10, 0.37) 0.31 0.66 (0.12, 1.19) 0.87 
Mean breeding latitude -0.11 (-0.35, 0.12) 0.33 -0.11 (-0.67, 0.03) 0.66 0.20 (-0.03, 0.45) 0.47 0.66 (0.04, 1.27) 0.65 
Body mass -0.33 (-0.61, -0.06) 0.96 -0.33 (-1.03, -0.02) 0.95 -0.21 (-0.49, 0.07) 0.45 -0.98 (-2.82, 0.86) 0.63 
Habitat
 
*:  1.00  0.97  1.00  1.00 
Farmland 2.17 (1.28, 3.07) - 2.17 (0.73, 3.26) - 2.35 (1.30, 3.41) - 6.13 (3.03, 9.23) - 
Forest 0.59 (-0.30, 0.48) - 0.59 (-0.99, 1.50) - 0.84 (-0.21, 1.89) - 2.09 (-0.46, 4.65) - 
Shrubland 1.20 (0.25, 2.16) - 1.20 (-0.68, 2.10) - 1.55 (0.44, 2.67) - 1.62 (-1.07, 4.31) - 
Rocky 1.03 (0.04, 2.02) - 1.03 (-0.93, 1.84) - 1.62 (0.46, 2.78) - 2.60 (-0.26, 5.40) - 
Wetland 1.24 (0.37, 2.13) - 1.24 (-0.22, 2.25) - 1.65 (0.60, 2.69) - 2.93 (0.49, 5.37) - 
Guild
 
*:  0.06  0.01  0.34  0.02 
Omnivore  0.56 ( -0.12, 1.25) - 0.03 (-0.81, 1.09) - 0.93 (-0.17, 1.69) - -1.34 (-3.77, 1.10) - 
Insectivore  0.07 (-0.62, 0.75) - 0.05 (-1.19, 0.71) - 0.36 (-0.35, 1.07) - -0.21 (-2.50, 2.07) - 
Granivore  0.48 (-0.38, 1.34) - 0.01 (-1.24, 1.16) - 1.05 (-0.16, 1.94) - 0.04 (-2.73, 2.80) - 
Herbivore 0.15 (-0.90, 1.20) - 0.05 (-1.18, 1.86) - -0.16 (-1.29, 0.98) - 1.45 (-1.50, 4.40) - 
Spring arrival trend n/a n/a n/a n/a n/a n/a 0.78 (0.14, 1.43) 0.86 
*For categorical variables, parameter estimates are given relative to a reference category (‘general’ for habitat, ‘carnivore’ for guild528 
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Figure 1 Examples of within-species migratory diversity. Partial migrants (A & B) are 
migratory species that occur in some parts of their range all year; full migrants (C & D), by 
contrast, vacate their breeding ranges entirely during the non-breeding period. Migratory 
dispersion reflects the extent to which species occupy larger or smaller non-breeding ranges 
relative to the breeding period. Examples show species with relatively low (A & C) and high 
(B & D) levels of dispersion. 
Figure 2 Hypothetical population networks with varying migratory diversity. Networks 
consist of ‘nodes’ (squares) representing equally-sized areas occupied in the breeding (green) 
or non-breeding season (blue), connected by ‘edges’ reflecting migration routes (lines, width 
indicates number of individuals using each route). Numbers show the model-derived 
equilibrium population sizes at each node in each scenario (details given in Appendix S1). 
Populations with low migratory dispersion (A) show marked declines following an 80% loss 
of habitat at one non-breeding node (B, grey=impacted node). For an equivalent population 
with higher migratory dispersion (C), the same level of habitat loss has a markedly lower 
impact (D). For a partially migratory population, where a proportion of individuals at one 
breeding node are resident (E, purple = partially migratory node), the impact is further 
reduced (F).  
Figure 3 Population trends in relation to migratory dispersion. Lines show the model-
averaged slope and bootstrap 95% confidence intervals from a model set predicting the 
declines over the whole study period (1990-2012). Bars show the proportion of species that 
were stable or increasing (blue lower bars) or declining (orange, inverted upper bars) in 
relation to migratory dispersion (binned data). Tick marks above and below bars show the 
locations of individual data points on the x axis (lower = stable or increasing species, upper = 
declining species).  
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Figure 4 Population trends in relation to migratory strategy. Points and error bars show 
mean model-averaged predictions and bootstrap 95% confidence intervals for each strategy, 
from models explaining the probability of decline across the whole survey period, and to 
census period individually. Bars show the proportion of species in each class that were stable 
or increasing (blue, lower bars) or declining (orange, inverted upper bars) in any given survey 
period.  
Figure 5 European bird declines in relation to migration strategies. Lines show great 
circle routes linking breeding and non-breeding range centroids for all non-pelagic migratory 
species, color-coded according to population trend (orange = decreasing in one or more 
survey period, blue = stable or increasing in both survey periods). Species are classed as 
either partial migrants (A) or full migrants (B) from the presence or absence of seasonal 
range overlap. Histograms show the frequency distribution of mean migration distance for 
partial (C) and full migrants (D); numbers above bars show the proportion of species in 
decline within each distance bin. 
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